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Abstract. Thermally aged Nomex fibres manifest several residual effects viz. reduction in X-ray
crystallinity,weightlossanddeteriorationin tensilecharacteristics.Surfacedamagesin theform of longi-
tudinal openings,holes,materialdepositsetchavealso beenobserved.Basedon the datafrom thermally
exposedfibres,thetimeneededfor statesof zerotensilestrengthandmodulushavebeenpredicted.
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1. Introduction
Nomexfibresmadeupof poly(m-phenyleneisophthala-
mide)or PMIA (Tadokoro1979),thestructuralformula
of whichis shownbelow,belongtotheclassof aramids.
Althoughsheetsof Nomexarecommonlyusedas di-
electric(DuPont1981),fibresalso find applicationas
structuralcomponentsin aircraftandhelicopters(Marks
1995).Theyarealsorecommendedfor useatelevated
temperatures(Carlsonet al 1973).Tanneretal (1988)
mentionaboutfireprotectiveapparelmadeof ablendof
NomexandKevlar,thelatterbeingtheparasubstituted
isomerofNomex(Meredith1975).In thiscontext,it isof
interesto gainknowledgeabouttheresponseof these
fibresto thermalenvironments.Detailedanalyseshave
beencarriedout in the pastto identifytheeffectof
thermalexposuresontheinitialcharacteristicsof Kevlar
fibres(HindelehandAbdo1989;Shubha1989;Parimala
1991;Parimalaand Vijayan 1993;Iyer and Vijayan
1994,1998a,b,1999;Iyer 1999;Jain andVijayan2000).
This paperpresentstheresultsof observationson the
residualeffectsof thermalexposuresonthemetasubsti-
tutedNomexfibresderivedbyX-raydiffractionmethods,
scanningelectronmicroscopy,tensiletestingandana-
lysisof weight.
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2. Experimental
SamplesusedweretheNomexfibresmadecommercially
availableby DuPontInc.,USA. Unconstrainedbundles
of fibres-2 mmthickand-50mmin lengthweresub-
jectedto thermalexposuresin air.The temperatures(T)
chosenwere200,300,350and400°C.Of these,only
200°Cis withintherecommendedlimitof servicetempe-
rature,viz. 220°C(DuPont1981)andalsolessthanthe
Tg value(>230°C) (Tashiroet al 1977).Choice of
temperaturescloseto andwell abovetheselimitswas
deliberateandwasintendedto enableacceleratedata
collectionandprovideresultswhichmaysubsequentlybe
extrapolated.Durationsof cumulativexposure,tcum(T)
tovariousT's, rangedfrom0.5to few 1000'sof hours.
Thechoiceof thetcum(T) valueswasarbitrary.A tubular
resistancefurnacein which the temperaturecould be
controlledandmaintainedto anaccuracyof :t2°C was
usedto conductthe thermalexposures.Fibres were
placedin a quartztube- }.2cm in i.d. The quartz tube
wasslidintothefurnacein suchamannerthatthefibres
occupiedthecentral,constantemperaturezoneof the
furnace.The temperatureof thesamplewas measured
using a chromel- alumel thermocoupleplaced very
close to the sample.Prior to and at variousstages
of thermalageing,thefibreswerecharacterized.The
parametersusedfor characterizationwereX-raycrysta-
llinity,tensilestrength,tensilemodulus,microstructural
featuresand weight.At 200°C,only the crystallinity
changeshavebeenidentified.It mustbe mentioned
that for each of the chosentemperatures,eparate
bundlesof fibres were usedto identifythe relative
changesin crystallinity,weightloss, surfacecharacte-
risticsandtensileproperties.Handlinglosseswerealso
minimizedby encasingthe bundlesin small tubes.
Detailsof the experimentalproceduresfollowed are
describedbelow.
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WideangleX-raydiffractionpatternswererecordedto
identifychangesincrystallinity.A Philipspowderdiffra-
ctometerwithagraphitemonochromatorin thediffracted
beamand a proportionalcounterwas usedto record
theequatorialpatternsin thereflectiongeometry.CuKa
radiationwasemployed.The diffractionpatternswere
confinedto the28 rangeof 10to 4SO,beyondwhich
no observablereflectionscouldbe detected.It is well
knownthatthediffractionintensitiesarerelatedto the
crystallinityof the sample.As the presentstudywas
concernedonly with the identificationof relative
changesin crystallinityintroducedbythermalageing,no
attemptwas madeto estimatethe absolutevaluesof
crystallinity.Quantitativestimatesof thermallyinduced
changesin crystallinitywere,however,obtainedby
comparingtheappropriateintegratedintensitiesof the
diffraction profiles. For example, the ratio k =ii/Io
representsthe fractionalvalueof the crystallinityof
fibres exposedto temperatureT for the cumulative
time durationtcum(T). Here, 10and ii representhe
integratedintensities,priortoandafterthermalexposure,
respectively.In eachpattern,thecontributionto theI's
fromtherespectiveamorphousfraction(tobedescribed
subsequently)hasalsobeenremoved.Integratedinten-
sitieswereestimatedby measuringtheareaunderthe
diffractionprofiles,usinga digitiserandan Autocad
system.In ordertoestimatethestandardeviation(esd)
of theintegratedintensitiesthusmeasured,patternswere
recordedfromabundleof fibres,referredtoas'standard',
atperiodicintervalsof timeandtheirintegratedinten-
sitiesweremeasured.The standardeviationestimated
from a set of 50 patternsrecordedfrom the same
'standard'was-2%.
Tensilestrengthandmodulusof individualfilaments
wereestimatedusingaZwickuniversaltestingmachine.
A gaugelengthof 25mm and strainrateof 10mm
per min were used. For each of the experimental
conditions,atleast50filamentswereexaminedandthe
averagevaluesof tensilepropertieswereestimated.A
leol scanningelectronmicroscopewasusedtoexamine
the surfacefeaturesof gold coatedfibres.It mustbe
emphasizedthat care was takento avoid manually
introducedartefactsanddeformations.Prior to exami-
nationin themicroscope,thesurfaceof fibreswerenot
manuallytouchedor subjectedto anytypeof bending,
twistingetc.Percentagevariationin weightaccompa-
nyingthermalageingwasestimatedas (~w/wo)x 100,
usinga Sartoriusanalyticalbalancecapableof reading
down to 0.0001g. Here,~w=Wo- Wheattreated,Wo and
Wheattreatedaretheweightsof samplespriorto andafter
heat treatment,respectively.The latter weight was
measuredwithinfive minutesof removingthesample
fromthefurnaceandcoolingtoambienttemperature.For
eachof thechosenexperimentalconditions,atleastthree
setsof sampleswereexaminedandtheaveragevalueof
weightlosswasestimated.
3. Resultsanddiscussion
3.1 X-raycrystallinity
Figure1 presentsa typicalexampleof theinfluenceof
heattreatmenton the diffractionprofiles.Here, the
equatorialpatternsrecordedpriortoandatvarious tages
of cumulativexposureto200°Careshown.Theobser-
vedreflect~Esin thepatterninclude(100)+(010),(101)
+(011)+(111), (110)and (200)+(020)occurringat
-28 valuesof 18.2,23.4,27-4and36.8°,respectively.
The+signin theabovenotationindicatesoverlapping
reflections.The indicesof reflectionsarebasedon the
triclinicunitcellproposedby Kakidaetal (1976).Con-
spicuously,evenpriorto thermalexposures,theinten-
sitiesof thereflectionsarenotveryhighandin addition
theyarealsosuperposedonabroad,diffusebackground
at low angles.Thesefeaturesareindeedindicationsof
the'notsoverycrystalline'natureof thesample.Kakida
etal mentionthatin sampleswith low crystallinity,an
additionalequatorialreflectioncorrespondingto d=
6.9A(28:::\2.9°forCuKa radiation)shouldoccur.The
patternsin figure1showtheoccurrenceof thisreflection
andthusprovidefurtherevidencefor thepresenceof an
amorphousfractionin thesamplesused.
ta.m(T)(h)
I 1750
k=O.25
As received
1700
i
0.49
1400
,.....
f!
'c
::I
~
:.0
ti!
c:
:;:..
0.66
1000
c
';;jc:.,
.s
0.84
550
45 10
+-- 29 ( °)
Figure 1. Comparisonof X-ray diffractionprofilesrecorded
priorto andatvariousstagesof exposureto 200°C.Valuesof
tcum(200)andk::: I~Iohavealsobeenmarked.Theadditional
reflectionat28=12.90hasbeenindicatedby anasteriskmark.
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Figure1showstheprogressivediminutionin thediff-
ractionintensityandthecorrespondingvariationin the
valueof k.Thecontributionfromtheamorphousfraction
hasbeenremovedin theestimationof k values(Wakelin
etalI959). It maybenoticedthatafter1750h of expo-
sure,no Braggreflectionsareobservablein thediffrac-
tionpattern.This featureshowsthatas a resultof the
continuousexposureto200°C,thesamplereachedastate
of zerocrystallinity.Similarstatesof zerocrystallinity
werereachedafterprolongedexposurestootherT's also.
Figure 2 presentsthe non linearvariationof k as a
functionof tcum(T) for variousT values.As couldbe
expected,for achosenvalueof tcum(T), thereductionin
crystallinityincreaseswithT.Also, forachosenvalueof
T, thecrystallinitydecreaseswith prolongedageingat
thattemperature.Thetwoparameterswhichcharacterize
anythermalexposureviz. T andtcum(T), thusappearto
influencethe thermallyinducedreductionin X-ray
crystallinity.
Whenthefibresreachedthestateof zerocrystallinity
dueto ageingatvarioustemperatures,thediffuseback-
groundin thediffractionpatternwasfoundtopersist.At
thesestages,therespectivesampleshadturnedblackand
brittle.Thesefeaturesuggestthatanamorphousfraction,
perhapscarbonized,persistedin thesample.
3.2 Weightloss
ThermalageingofNomexfibresisaccompaniedbyweight
lossthedetailsof whicharepresentedin figure3.The
esd'sof individualweightlossesrangefrom0.12to 1
andthusmostof theobservedchangesarestatistically
significant.As in thecaseof crystallinity,theweightloss
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Figure2. Fractionalvariationin crystallinityatvarioustem-
peratures.
is alsocontrolledby thevaluesof bothT andtcum(T).
Weightloss may be attributedto chemicalreactions
and/ordegradationi troduceduringheattreatment,lea-
dingtotheformationandsubsequentemanationof small
molecularweightcompounds,gaseouscomponentsetc
from the sample.Experimentalevidencefor suchan
evolutionof componentsfromwithinthefibreshasbeen
obtainedfromthe scanningelectronmicrographs,the
detailsof whichfollows.
3.3 Surfacecharacteristics
Figures4aandb presenthemicrographsdepictingthe
surfacecharacteristicsof Nomexfibres prior to heat
treatment.Theconspicuousfeatureconcernsthepresence
of darklinesrunninglongitudinally(figure4a).In addi-
tion,smallspecksof someextraneousmaterial(figure4b)
are also foundto be distributedon the surface,in a
randomfashion.
Figures4c-f illustratethevarioussurfacecharacte-
risticsof heattreatedfibres.Figures4c andd arefrom
fibresexposedto400°Cfor 2.25and4.5h, respectively.
The formershowsa groovelike openingandthelatter
depictsthe introductionof largequantitiesof material
deposits.In figure4calsolesseramountsof suchdepo-
sitsareseen.Theproximityof thedepositoanopening
suggeststhattheextraneousmaterialhasperhapscome
outof theopening.Thechemicalnatureof thedeposits
havenot,however,beenidentified.In additionto the
grooves,minuteholesarealsofoundonthesurface.The
arrowin figure4cshowsatypicalhole.
The abovementionedsurfacefeaturesobservedat
400°CareseenatlowerT's too.Figure4eillustratesthe
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Figure3. Weightloss(%)atvarioustemperatures.
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longitudinalgroovelikeopeningsandholesobservedin
fibresexposedto 300°Cfor 400h. Comparisonof the
micrographsin figures4c ande showsthatthegrooves
aremorein numberandarealsodeeperin thelatterset.
The holeswhicharedistributedconspicuouslyin the
vicinityof thelongitudinalopeningsarealsomorenume-
rous andbiggerin size thanin fibresheattreatedat
400°C(figure4c).Theintensityofthethermallyinduced
effectsarethusmorepronouncedin fibresexposedto
300°Cthanin thefibresexposedto thehighertempe-
ratureof 400°C.Suchanenhancementof surfaceeffects
observedat the lower of the two temperaturesmay
appearanomalous.However,it is primarilydueto the
roleof theparameter,tcum(T). At 300°C,400h of expo-
sureintroducesmoredamageto the surfacethanthe
2.25hof exposureto400°C.
It mustbepointedoutthatintroductionof thegroove
like opening,holesanddepositsarefeatureswhichcon-
formwellwiththeweightlossdescribedin theprevious
section.Theholes,in particular,maybeassociatedwith
the evolutionof gaseouscomponentsfromwithinthe
fibre. Interestingly,in all the thermallyagedNomex
fibres,thegroovelike openingsaremoreconspicuously
formedthantheholes.It is alsonoticedthatthethermally
inducedgroovesfall on thedarklinesobservedpriorto
heattreatment(figure4a).It is notunlikelythatthedark
lines representstructurallyweak regionswhich are
vulnerableto treatmentswhichin thiscaseis thermalin
nature.
Yet anotherthermallyinducedeffect is the intro-
ductionofpeeloffs.Figure4f showsatypicalexamplein
whicha peeloff is curlingaroundthefibreexposedto
350°Cfor 16h.
3.4 Tensilecharacteristics
The thermallyinducedeffectsdescribedin theprevious
sectionssuggestchangesin the tensilepropertiesof
fibres.Figure5apresentstypicalload-extensioncurves
recordedpriortoandafterheatreatment,respectively.In
all thecurves,the initial, linearportionsuggestingan
elasticbehaviouris followedby an yield and a sub-
sequentnon linear portion.For the varioussetsof
samples,thetensilemodulus(M) fromtheinitiallinear
portion,the tensilestrength(S) at fractureand the
percentageelongationatbreak(e)weredetermined.
Figure4. Scanningelectronmicrographsof (a)longitudinallinesseenpriortoheatreatment,(b)aspeckofextraneousmaterial,
(c)groovelikeopeningsseenin fibresexposedto400°Cfor2.25h.Arrowshowsa typicalhole,(d)materialdepositsonthe
surfaceof afilamentexposedto400°Cfor 4.5h, (e)surfacefeaturesof a filamentexposedto300°Cfor 400hand (f)apeeloff
curlingaroundafibreexposedto350°Cfor 16h.
-- ---
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As seenfromfigure5athestrikingeffectsof increase
in T ontheload-extensioncurvesare(i) thereductionin
thebreakingstressandstrainand(ii) theprogressive
reductionin theinitialslopes.Figure5bdepictstheeffect
of tcum(T) on theload-extensioncurvesrecordedfrom
fibresexposedto T=300°C.Interestingly,theeffectof
tcum(T) is verysimilarto thatof T. Sucha similarity
indicatesthatthedeteriorationi troducedin theinitial
tensilepropertiesof Nomexfibresis dependantonboth
.theT aswellasthetcum(T) values.Useof thefibresata
chosentemperaturefor prolongedtimeintervals,canbe
asdetrimentaltotheinitialpropertiesasbyexposingit to
variousT's forcomparativelyshorttimeintervals.
Figures6a, band c presentthe variationsin the
fractionalvaluesof thetensilecharacteristics.M;,S;,and
£; representtherespectivevaluesof modulus,strength
andpercentageelongationatbreakafterexposuretoT for
durationtcum(T). Mo, Soand£0arethecorresponding
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FigureS. Comparisonof load-extensioncurves:(a)effectof
temperature;tcum(T) =1h and(b)effectof tcum(T) at300°C.
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values,priorto thermalexposures.For thesamplesused
in thisstudy,valuesof Mo,SoandEowere10(7)GPa,
0.52(3)GPa and37-4(4)%,respectivelywhichcompare
well withthereportedvaluesof 10GPa,0.68GPa and
35% (KasenGeppo 1974).The esd's of the values
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Figure6. Fractionalvariationsin thetensilecharacteristics:
(a) M;/Mo vs tcum(T),(b) si/So vs tcum(T)and (c) c:;/c:ovs
tcum(T). Insetrepresentshecurvesfor350and400°C.
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Table 1. Exposuretime(h) neededfor 100and30%reduc-
tionsin tensilemodulusandstrength.
Fortensilemodulus For tensilestrength
T(°C)
300
350
400
ttOO
990
34
3.1
t30
300
9
0.8
ttOo
648
57
1.9
t30
160
15
0.4
recordedin figure6, for theheattreatedsamplesareas
follows:for themodulusit rangesfrom0-4to0.9GPa;
for the strengthfrom 0.03 to 0.06GPa and for the
percentagelongationatbreak,from0.13to 0.15%.As
such,mostof the observedvariationsarestatistically
significant.
Thedatain figure6 showthatthemodulus,strength
andpercentageelongationatbreakdecreasewithincrease
in theT aswell asthetcum(T) values.For all thethree
parameters,thevariationis comparativelyslowat300°C.
Thepercentageelongationmanifestsaninterestingbeha-
viour.It is foundthatin theearlystagesof isothermal
ageingat300°C,thechangesincoccurin largemeasures
andwithfurtherprogressiveageing,theextentof varia-
tiondecreases.For Nomexfibres,theinitialvalueof c,
whichis-37%maybeassociatedwiththelesserigidity
andincreasedflexibilityof thePMIA polymerchains,
arisingprimarilyfromthemetasubstitutionof thephenyl
rings.At thelevelof thecrystalstructure,theflexibility
may be associatedwith slight changesin molecular
conformation,torsionalanglesetc.Thecurvesin figure
6c suggesthatmajorpartof thesechangeswhichare
structurallypermitted,occurin theearlystagesof ther-
malageing.Admittedly,theabovementionedcorrelation
betweencandmolecularcharacteristicsisonlypredictive
in natureand has to be confirmedfrom structural
informationonheattreatedfibres.
Basedonthedatapresentedin figure6, thetimet100
andt30neededfor 100and30%reductions,respectively
in modulusandstrengthavebeencalculatedandtable1
liststhevalues.It isnoticedthatasthetemperatured crea-
ses, the timeneededfor deteriorationincreasesquite
sharply,indicatingtheasymptoticnatureof thet100vsT
curve(notpresented).It mustbeemphasizedthatthedata
in table1 andfigure6 can be utilizedto predictthe
thermalbehaviourof NomexfibresatT's lessthanand
alsointermediatebetweenanyof thetemperatureschosen
in thepresentstudy.The resultswhichhaveemerged
thusindicatethatwhenusedat elevatedtemperatures,
whetherasstructuralcompositesor asfibres,deterioration
in theinitialcharacteristicsoccur.It is essentialto take
intoaccounttheirinfluenceontheperformanceofthefibre.
4. Conclusions
It has beenestablishedthatthermalexposurescause
deteriorationi theinitialcharacteristicsof Nomexfibres.
Reductionsin X-raycrystallinity,weight,tensilemodulus
andstrengthatbreakareobserved.Surfacedamagesin
theformof groovelikeopenings,minuteholesandmate-
rial depositsarealso introduced.Durationsof thermal
exposuresneededfor reachingstatesof zero tensile
strengthandmodulushavebeenestimated.All thether-
mallyinducedeffectsarecontrolledby twoparameters,
viz.thetemperature,T andthedurationof thecumulative
exposure,tcum(T).
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